The program TOPAZ0 was developed for computing a variety of physical observables which are related to the e + e − annihilation into fermion pairs and to the large angle Bhabha scattering around the Z resonance. Among them, the Z parameters or pseudo-observables, the de-convoluted cross sections and those dressed with QED radiation, and finally the forward-backward asymmetries. The calculations are performed both for a completely inclusive experimental set-up and for a realistic one, i.e. a set-up with cuts on the acollinearity angle, on the energy of the outgoing fermions or on their invariant mass and angular acceptance. The new version, 4.0, includes several innovative features. First of all, the most important new capabilities since previous versions are recently computed electroweak and QCD correction factors that are relevant at the Z resonance in the light of the present experimental accuracy. Among them, the effect of the next-to-leading O α 2 m 2 t corrections and those radiative corrections to the hadronic decay of the Z which provide complete corrections of O (αα s ) to Γ(Z → qq) with q = u, d, s, c and b. Secondly, the program has been upgraded to cover two-fermion final states at LEP 2 energies, where some of the assumptions made for earlier versions are no longer valid. In particular, to this aim all the electroweak radiative corrections that are negligible at the Z peak, but relevant far from it, have been added for s-channel processes, e.g. purely weak boxes, next-to-leading O α 2 and leading O α 3 QED corrections. Keywords: e + e − annihilation, Bhabha scattering, LEP, Z resonance, electroweak, extrapolated and realistic experimental set-up, QCD corrections, QED corrections, pure weak corrections, radiative corrections, Minimal Standard Model, de-convoluted and realistic observables.
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Abstract
The program TOPAZ0 was developed for computing a variety of physical observables which are related to the e + e − annihilation into fermion pairs and to the large angle Bhabha scattering around the Z resonance. Among them, the Z parameters or pseudo-observables, the de-convoluted cross sections and those dressed with QED radiation, and finally the forward-backward asymmetries. The calculations are performed both for a completely inclusive experimental set-up and for a realistic one, i.e. a set-up with cuts on the acollinearity angle, on the energy of the outgoing fermions or on their invariant mass and angular acceptance. The new version, 4.0, includes several innovative features. First of all, the most important new capabilities since previous versions are recently computed electroweak and QCD correction factors that are relevant at the Z resonance in the light of the present experimental accuracy. Among them, the effect of the next-to-leading O α 2 m 2 t corrections and those radiative corrections to the hadronic decay of the Z which provide complete corrections of O (αα s ) to Γ(Z → qq) with q = u, d, s, c and b. Secondly, the program has been upgraded to cover two-fermion final states at LEP 2 energies, where some of the assumptions made for earlier versions are no longer valid. In particular, to this aim all the electroweak radiative corrections that are negligible at the Z peak, but relevant far from it, have been added for s-channel processes, e.g. purely weak boxes, next-to-leading O α 2 and leading O α 3 QED corrections.
Nature of physical problem
An accurate theoretical description of e + e − annihilation processes and of Bhabha scattering for centre of mass energies at the Z resonance (LEP 1) and above (LEP 2) is necessary in order to compare theoretical cross sections and asymmetries with the experimental ones as measured by the LEP collaborations (realistic observables). In particular a realistic theoretical description, i.e. a description in which the effects of experimental cuts, such as maximum acollinearity, energy or invariant mass and angular acceptance of the outgoing fermions, are taken into account, allows the comparison of the Minimal Standard Model predictions with experimental raw data, i.e. data corrected for detector efficiency but not for acceptance. The program takes into account all the corrections, pure weak, QED and QCD, which allow for such a realistic theoretical description. The program offers also the possibility of computing the Z parameters (pseudo-observables) including the state-of-the-art of radiative corrections, which is important for the indirect determination of the fundamental Standard Model parameters.
Method of solution
Same as in the original program. A detailed description of the theoretical formulation and of a sample of physical results obtained can be found in [2] .
Summary of revisions
• In 1995 the CERN Report on Precision Calculations for the Z resonance [3] provided as basic documentation the theoretical basis for upgrading existing calculations and FORTRAN programs.
Although the '95 analysis remains quite comprehensive, an update of the discussion of radiative corrections has become necessary for one very good reason: a sizeable amount of theoretical work has appeared following ref. [3] . In particular, a crucial amount of work has been performed in providing higher-order corrections.
In ref.
[4] the two-loop O (α 2 m 2 t ) are incorporated in the theoretical calculation of M W and sin 2 θ l eff . More recently the complete calculation of the decay rate of the Z have been made available [5] . The only case which is not covered is the one of final b quarks, because it involves specific O (α 2 m 2 t ) vertex corrections. For simplicity the above correction factors will be referred as sub-leadings. Another recent development in the computation of radiative corrections to the hadronic decay of the Z is contained in two papers which together provide complete corrections of O (αα s ) to Γ(Z → qq) with q = u, d, s, c and b. In the first reference of [6] the decay into light quarks is treated. In the second one the remaining diagrams contributing to the decay into b quarks are considered and thus the mixed two-loops corrections are complete.
TOPAZ0 [7, 8] , which was involved in the analysis of refs. [3, 9] , has been constantly updated and we focus, in this note, on a short description of the most important new capabilities since the '95 version. 
Changing the parameters is governed by a FORTRAN job-control file, typical example is:
-There is a major change with respect to the internal philosophy of TOPAZ0. A new subroutine has been introduced,
TBASIC(NT,ST,FVECMS,IFLAG)
Once TOPAZ0 is called then the first step is governed by an internal call to subroutine TWIDHTO. Here, as a primitive calculation, both M W -the W boson mass -andŝ 2 -the improved one-loop solution for the sinus of the weak mixing angle -are obtained as iterative solutions of the two relevant renormalization equations. After that, all Z-parameters are computed. As a matter of fact, most of the users are solely interested in deriving pseudo-observables. For this reason, it is now possible to call TOPAZ0 with OEXT = 'P' where the calculation of the realistic observables is skipped with a considerable gain in CPU time.
-In computing M W ,ŝ 2 and the rest of the pseudo-observables there are essentially five functions which are touched by the inclusion of the sub-leadings. Each of these functions depends on M H , m t ,ŝ 2 and M W . As a function of the ratio M H /m t they are given in [4] in terms of two expansions,M H /m t ≫ 1 and M H /m t ≪ 1. In between it is up to the reader to decide what to do. In between, however, is exactly where the the present experimental data would like to see the Higgs boson. In order to avoid any kink in the evaluation of pseudo-observables one has to interpolate numerically. The origin of the kink is related to the two-loop correction factor, ∆ρ (2) , which in the hierarchy of the effects is the dominant one. We decided to interpolate with some accuracy for this function.
-The most important upgrading in the electroweak/QCD interplay is represented by non-factorizable QCD and EW corrections to the hadronic Z boson decay rate. The Born result receives both QCD and EW corrections and, so far, one used factorization
However the correct implementation of the new result [6] is giving us
-There is no space enough here to account for a complete description of the QCD corrections implemented in TOPAZ0. We simply note that subroutine TCORRQCD has been completely re-designed and function RRUNM allows the running quark masses to be computed at the corresponding pole mass. For instance subroutine TCORRQCD computes -the running of the s-quark mass up to the c-and b-quark threshold -the c-quark mass at the c-quark threshold -the c-quark mass at the b-quark threshold -and finally the running c-quark mass at any scale.
-The b-quark mass at b-quark threshold -and finally the running b-quark mass at any scale.
In the following we present a list of the relevant corrections: -It is important to discuss the most relevant variations in the prediction for pseudo-observables. We refer to the situation presented in refs. [3, 9] . Table 1 .
-Purely weak boxes have been introduced for s-channel processes.
Their effect has been already discussed at length in [10] .
• QED corrections -For both the cross sections and forward-backward asymmetry, new QED corrections have been added. They include both corrections that are relevant at the Z peak, in view of the present accuracy of experimental data, and correction that are negligible at the Z peak, but become relevant for centre of mass energies above it.
-Cross sections -New corrections, already known in the literature, but not implemented in the previous versions, and completely new ones have been inserted. They are: * initial-state next-to-leading O (α 2 ) corrections to the radiator, according to eqs. (3.19) and (3.20) in [11] ; this radiator is selected by OHC = Y and ORAD = A; * additional initial-state higher-order corrections to the radiator, according to eqs. (3.29) and (3.30) in [11] ; this radiator is selected by OHC = Y and ORAD = D; * additional initial-state higher-order corrections to the radiator, including part of the leading O (α 3 ) corrections, according to eqs. (3.31) and (3.32) in [11] ; this radiator is selected by OHC = Y and ORAD = E; * the full radiator including initial-state next-to-leading O (α 2 ) and complete leading O (α 3 ) corrections, according to the analytical results obtained in [12] ; this radiator is selected by OHC = Y and ORAD = F (recommended choice).
For each of these choices, also the primitives have been computed analytically and implemented in FUNCTION TPRAD. Moreover, also the O (α 3 ) contributions to the electron structure function and its primitive, according to [13] , have been implemented in SUBROUTINE TSTRUCFUN and SUBROUTINE TPDFUN.
-Forward-backward asymmetries -For OHC = Y, additional contributions to the forward-backward radiator, that become relevant above the Z peak, are included, according to eqs. (43), at the O (α), and (46), at the O (α 2 ), in [14] . These contributions are active only for s-channel asymmetries. Also in this case, the primitive has been computed analytically and implemented in FUNCTION TPRAD. OHC = N sets automatically the radiator adopted in the previous versions of the program, both for cross sections and asymmetries.
The effects of the above QED corrections have been investigated in [12] . They can be summarized as follows: at LEP 1 the initial-state next-to-leading O (α 2 ) corrections are negligible, whereas the leading O (α 3 ) ones introduce a negative shift of the total cross section of about 0.07%. At LEP 2, the two corrections tend to compensate one another, leaving a net effect of around 0.2-0.4% when the Z radiative return is included and about 0.1% otherwise.
It is worth emphasizing, that in order to implement the new radiators and their primitives, a new library of Nielsen's polylogarithms has been created, SUBROUTINE TPOLYL(X,EP,S11,S12,S13,S21,S22)
The running is governed by a FORTRAN job-control file, where the necessary input parameters are fixed. The program calls SUBROUTINE TINIT (see below), where all the flags are initialized to their default value. It is allowed to change the default settings by calling the auxiliary SUBROUTINES TCUTSET, TCFLAG and TCOPT. In particular, the theoretical options OUn are re-set by subroutine TCOPT, kinematical cuts by subroutine TCUTSET and all the remaining TOPAZ0's flags by subroutine TCFLAG. A change of a non-existing flag is signalled by a warning message: TOPFLAG: FLAG NOT RECOGNISED: FLAGNAME Then SUBROUTINE TOPAZ0 is called, according to the following calling statement: SUBROUTINE TOPAZ0(NRTS,RTS,ZMT,TQMT,HMT,ALST,OTPPO,OTPRO).
The first six entries are input parameters, whose meaning is NRTS: number of energies; RTS: array dimensioned as RTS(NRTS), containing the values of the energies; ZMT: the Z-boson mass (GeV); TQMT: the top-quark mass (GeV); HMT: the Higgs-boson mass (GeV); ALST: the value of α s (M 
Results are stored in array OTPRO(K) according to K = 13 (2(I-1)+J-1)+L with I = 1,NRTS running over energy points, L = 1,13 running over the type of realistic observable (σ e , σ µ etc.) and J = 1,2 for the central value and the numerical error.
The output is still governed by the job-control file, by means of the printing of the arrays OTPPO(24) and OTPRO(26*NRTS), to be declared in COMMON. The output from the program is self-explanatory.
All the internal flags of the program are initialized by means of SUBROUTINE TINIT, which is called by the job-control file. Here the complete list of inputs is given, devoting particular care in commenting the meaning of the new flags. For more details concerning flags already present in earlier versions, the reader is referred to the documentation of the previous releases. SE: scaling factor for numerical integration error; OWEAK: residual weak corrections: running (R) or fixed (F); at LEP 2 the correct choice is R; OWBOX: weak boxes included (Y) or not (N). Away from the Z-resonance the correct choice is Y; OU0: includes (S) the sub-leading two-loop O (α 2 m 2 t ) corrections according to [4] . It is the recommended choice; OHC: next-to-leading and higher order hard photon contribution included (Y) or not (N); ORAD: selects the type of next-to-leading and higher order hard photon contributions to be included (A,D,E,F) . F is the recommended choice; OAL: selects the value of α (1) is the minimum invariant mass (GeV) of the final-state electrons, used if OTHRE = M; S0CUT(2) and S0CUT(3) are the same as S0CUT (1) for µ and τ respectively, used if OTHRMT = M; E0: array dimensioned as E0 (3); E0(1) is the minimum energy (GeV) of the final-state electrons, used if OTHRE = E; E0(2) and E0(3) are the same as E0 (1) for µ and τ respectively, used if OTHRMT = E; THMIN: array dimensioned as THMIN (3); it enters the minimum scattering angle (deg) for electrons, µ and τ , respectively (symmetrical angular acceptance is understood); THMIN(2) and THMIN(3) used only if OEXT = C; THMINP: the same as THMIN, for the antiparticles; ACOLL: array dimensioned as ACOLL (3); it enters the maximum acollinearity angle (deg) for electrons, µ and τ , respectively; ACOLL(2) and ACOLL (3) The internal default has been set to the following choices:
A change for some of the kinematical cuts is illustrated by the following calling sequence: • , 10
• and 5 GeV. After initialization a call is performed to subroutine TWIDTHO after which the control is returned if OEXT = 'P', otherwise subroutine TEWEXT and TEWCUT are called and the evaluation of realistic observables starts. In TEWEXT weak corrections are computed and the physical quantities are convoluted when no cuts (but on the invariant mass) are applied. In TWCUT weak corrections are computed and the physical quantities are convoluted for leptons, when cuts are applied.
The previous versions of TOPAZ0 can be used to compute Z-parameters and de-convoluted observables but also to obtain predictions for QED-dressed distributions, over some realistic set-up, resembling the experimental raw data. The most severe limitation of those versions is that they have been developed by having in mind the accurate evaluation of theoretical observables at the Z peak. The new version of the program, TOPAZ0 4.0, offers remarkable improvements in two directions. First, towards the goal of taking into account all those radiative corrections that can become relevant, when we consider the experimental accuracy reached at present by the LEP 1 experiments. Of the same relevance is the effort of adding those radiative corrections that are negligible for a centre-of-mass energy around the Z peak, but that become relevant for energies above it.
Restrictions on the complexity of the problem Analytic formulas have been developed for an experimental set-up with symmetrical angular acceptance. Moreover the angular acceptance of the scattered antifermion has been assumed to be larger than the one of the scattered fermion. The prediction for Bhabha scattering is understood to be for the large-angle regime. Initial-state next-to-leading O (α) QED corrections are treated exactly for an s ′ cut, in the soft photon approximation otherwise. This means that for center of mass energies sensibly above the Z 0 peak (typically in the LEP 1.5 -LEP 2 regime), the theoretical accuracy of the C branch is under control (theoretical error ≤ 0.3%) when excluding the Z radiative return, whereas including it the theoretical error can grow up to some % depending on the final state selected [15] . In the same energy range, large angle Bhabha scattering becomes a t-channel dominated process: since all the QED corrections implemented are strictly valid for s-channel processes, this means that large angle Bhabha scattering off the Z resonance is treated at the leading logarithmic level.
Typical running time
This depends strongly on the particular experimental set-up studied and on the energy range. As evaluator of realistic observables in seven energy points around the Z 0 peak, between 10 (extrapolated set-up) and 270 (realistic setup) CPU seconds for HP-UX 9000. Anyway, for the realistic observables the CPU time depends strongly on being at LEP 1 or LEP 2, and on the scaling factor SE controlling the accuracy of numerical integrations. For the evaluation of pseudo-observables the program runs much faster.
Unusual features of the program
Subroutines from the library of mathematical subprograms NAGLIB [1] for the numerical integrations are used in the program.
Test Run Output
The typical calculations that can be performed with the new version of the program are illustrated in the following example. The FORTRAN job-control file computes both pseudo-observables and realistic observables with OEXT = 'E'. For the large angle Bhabha observables we use the following selection criterion:
-minimum scattering angle for the e − , | cos θ − e | < 0.7; -maximum acollinearity, θ acol = 10
• ;
-energy thresholds, E(e ± ) = 1 GeV.
The realistic observables are computed for three typical energies, 
